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INTRODUCTION

Over the past 10 years there has been a significant amount

of money and effort devoted to the development of instrumentation

capable of detecting the presence of explosives prior to detona-

tion. Various analytical techniques familiar in the laboratory

for detection and identification of trace quantities of materials

have been examined as to their suitability for detection of the

vapors emanating from explosives situated in a real-world environ-

ment. Among the methods investigated have been mass spectrometry,

gas r'hromatography, plasma chromatography, and various types of

optical spectroscopy. Recent or ongoing studies in optical

spectroscopy for detection of explosive vapors have included

laser optoacoustic absorption, two-photon, and Raman scattering

approaches, while for detection of pollutants and other chemi-

cals they have included infrared absorption, Raman scattering,

and laser-induced fluorescence techniques.

In reviewing past spectroscopic approaches to the detection

of explosive vapors, one is struck by the fact that there is a

lack of funddmental information on the spectral characteristics

of the gaseous molecular systems to be detected. First of all,

if such information existed, it could give investigators in the

area of detection a basis for predicting the probablility of

success of a given approach. For example, ('etain problems in

the two-photon approach would have been apparent. More impor-

tantly, fundamental optical data would reveal any unusual

spectral features of the molecular systems under study, and might

10



well point out techniques for inducing detectable spectrcl

characteristics (for instance, ty photodissociation of the original

molecular system), either of which could be exploited in new

spectroscopic detection app-,oaches.

The detection of a wide range of vapors of explosives is

a very difficult task to accomplish. The concentration of vapor

available (expressed as a mole ratio of explosive vapor to air)

at room temperature and under saturated vapor conditions runs

from roughly a part per billion for cyclonite (RDX) to parts per

million for ethylene glycol dinitrate (EGDN). In order to enhance

the sensitivity of a detector it is sometimes possible to use

some sort of preconcentration techniques whereby the sample

reaching the detector has an increased concentration of explosive

vapor. Such techniques were not considered in carrying out the

current work, but could be relevant in the design of future

spectroscopic instrumentation.

Some advantages of spectroscopic techniques are that a

great deal of information is available almost instantaneously,

and the response from different regions of the spectrum may be

easily correlated to enhance specificity of detection. These

features, plus the availability of tunable laser light sources

and ultrasensitive detectors of light, make optical detection

techniques appear very promising. What has been needed is a

study to determine the fundamental optical properties in the

gas phase of explosives and of the higher vapor-pressure impuri-

ties which are present in the explosives. A study of the optical

properties of the impurities is required because there may be an

11



. 4insufficient number of molecules of certain explosives available

as a vapor for detection by any technique. Also, the presence

of two or more components for a given explosive allows for a

higher degree of specificity.

I mThe purpose of the current study is to provide the needed

optical data for a number of explosive and explosive-related

compounds. Specifically, the systems studied include 2,3 DNT,

2,4 DNT, 2,6 DNT, TNT, nitroglycerine, diphenylamine, ethyl

centralite, monomethylamine, RDX, cyclohexanone, and PETN. These

materials were studied both in the vapor phase and in solution.

-The solution data provided important supplementary information

which facilitated interpretation of the vapor-phase results.

In addition to these absorption studies, we have done some

preliminary experiments on the photodecomposition of TNT in

solution. This line of research can be useful in determining

whether photodissociation properties of explosive materials can

be utilized as a basis of detection.

12



EXPERIMENTAL FACILITIES

Absorption Spectrometer

An absorption spectrometer has been built at Boston College

for the purpose of studying low-absorbing gaseous species in a

wide spectral region (figure 1). Two light sources are

available:

a) A 30-watt deuterium lamp (Beckman, Mod. 9300962-80).

This lamp is powered by a Beckman Mod. B "Hydrogen

Lamp Power Supply."

b) An Osram XBO-150W/l xenon lamp housed in an Oriel Model

6137 source housing. This lamp uses an Oriel Corp.

Model 8510-2 power supply. This supply has an operating

current of 2.5 - 10A and an operating voltage of 12-70V.

The light beam is collimated by means of a lens and passes

through a long-path cylindrical optical cell. The output beam from

this cell is focused onto the entrance slit of a SDeX 3/4-meter

Czerny-Turner Spectrometer/Spectrograph (Model 1800).

The optical signal may be recorded on Kodak spectroscopic

plates when the Spex instrument is used in the "spectrograph"

mode. In order to identify the position of the spectrum, the

light from a low-pressure Hg "Pen Ray" lamp (Ultra-Violet Products

Corp., Calif.) is focused onto the slit of the spectrograph and

recorded on the same plate before or after the experiments are

performed. The characteristic Hg emission lines are previously

identified by inserting interference filters with wavelengths

2852, 3500 and 5200 R to eliminate higher-order lines.

Alternatively the beam emerging from the absorption cell can

be chopped by means of a Bulova Model L-40-C tuning forx, and

then focused onto the entrance slit of the Spex instrument,

13



operating in the "STectromzter" (monochromator) mode. The

optical signal is in this case detected by means of an EMI 9662B

photomultiplier. The electric signal from this photomultiplier

is sent to a Model 122 P.A.R. lock-in amplifier which in turn

feeds a strip-chart recorder.

The optical cell is a cylindrical quartz tube Im in length and

1 inch in diameter and is capped at both ends bv Quartz windows.

The cell is also provided with two Kontes Kel-F high vacuum

valves suited for vacuum applications down to 5xlO7 mm Hg and

suitable for operation up to -200 0 C. Consequently, the design

is such that the cell may be heated or evacuated. The exciting

radiation is directed along the axis of cylindrical symmetry of

the cell. The exiting vapor is vented into a hood.

In addition to the apparatus just describeda Cary 14

Spectrophotometer is available for absorDtion measurements.

This instrument is designed for the automatic recording of absorp-

tion spectra in the wavelength region 1860-26000 R with good

resolving power. It is provided with interchangeable light

sources:

1. a hydrogen lamp for the ultraviolet region,

2. a tungsten lamp for the visible region, and

3. a tungsten lamp for the infrared region.

It is also provided with the detectors:

1. 1P-28 RCA Photomultiplier tube for the ultraviolet and
visible region, and

2. a lead-sulphide cell for the infrared region.

mi14



Flash Photolysis Apparatus I

The flash photolysis apparatus built at this laboratory

has been designed for use in two complementary modes.

(a) "Flash spectroscopic mode:" the absorption spectrum of

a chemical system is recorded on a film at different times after

the irradiation of the sample, and (b) "kinetic spectrophoto-

metric mode:" a particular chemical species is examined by

monitoring the absorption of the species at a selected wavelength;

it is used for accurate kinetic study.

Flash SpectroscoRig Mode

For convenience, the apparatus (figure 2) will be dis-

cussed according to the following units: (i) the exciting system,

(ii) the analysing system, and (iii) the detecting and recording

system.

(i) The Exciting System

The reaction cell is made of suprasil, a material which

has transmission extending below 2000 It consists of a

cylinder of 25 cm length and 1 -inch diameter with fused-on

optically flat end-windows. The cell is mounted on an adjustable

support at the center of a silver-and rhodium-plated metal cavity.

Two high-energy micropulse flashtubes(FP - 10 or N-739, Xenon

Corp.), which provide short-duration, high-intensity "photolvsing"

pulses of radiation in the ultraviolet region, lie on either side

of the cell, approximately 2.8 cm from its axis and supported

by the end plates of the cavity.

11
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The energy for the electric discharge is given by a Model

A high-energy micropulser (Xenon Corp.) which has a DC operating

voltage from 0 to 10 kV and is capable of providing output ener-

gies of 100 to 2000 joules per flash with pulse widths 10 to 100

p sec. The electric discharge is triggered by a Model C trigger

module (Xenon Corp.) which provides pulses with a peak voltage

of 40 kV ano d a rise time of 0.3 U see.

(ii) The Analysing System

It consists of a probing (spectral) flash light source, a

light baffle 30 cm long which defines a monitoring beam of 0.7cm2

cross section and two double convex quartz lenses of focal length

16.5 cm.

The light source is a "spectral" flesh tube (Suntron 6C,

Xenon Corp.) housed in an FH-1282 flash tube housing (Xenon Corp.).

The energy is provided by a Model B spectroscopic micropulser

(Xenon Corp.), with cutput energy 10 to 100 joules per flash,

and pulse duration 5-10 v see. The flash tube is set to discharge

with a trigger pulse which occurs at a predetermined delay setting

ranging from 10 p sec to 1 sec and is provided by a Model D delay

trigger module (Xenon Corp.). This pulse has a peak output vol-

tage of 40 kV and a rise time of 0.3 V see.

The probing spectral flash passes through the first lens,

traverses the reaction cell and the baffle, and is then focused

by the second lens onto the slit of the spectrograph.

(iii) The Detecting and Recording System

A Jarrell-Ash 3-meter Wadsworth type spectrograph (JA 78)

is used; it employs a 63 x 41 mm2 grating blazed at 4000 • with

16



590 lines/mm. This spectrograph is provided with a 51 cm camera

and film holder which holds a 35 mm x 100 ft. roll of Kodak

spectrum analysis film.

The Kodak spectrum analysis film type No. 1 is used; this

film is suitable for the spectral region 2500 to "000 Rand is

able to distinguish weak absorption spectra from the heavy con-

tinuum of background radiation. The spectrograph resDonds quite

linearly to the spectral wavelengths; i.e., 1 cm of the film

corresponds to -110 R

Kinetic Spectrophotometric Mode

When used in the kinetic spectrophotometric mode (figure 3)

this apparatus also consists of three units: (i) the exciting

system, (ii) the analysing system, and (iii) the detecting and

recording system.

(i) The Exciting System

The exciting system is exactly the same as that described

in the flash spectroscopic mode.

(ii) The Analysing System

This system consists of a constant intensity, continuous

light source, an iris diaphragm, a monochromator, a light baffle

and two converging lenses; the latter two components are the same

as those used in the spectroscopic mode.

The continuous monitoring light is provided by a K-i lamp

(Xenon Corp. or Illumination Industries, Inc.) housed in a

FH-1288 source housing (Xenon Corp.). The K-i lamD is a high-

pressure xenon point source operated at 5 amperes and 14 Volts

17
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for the most stable output signal. This lamp is powered by two

12-Volt batteries and a control electrical circuit.

The 1/4-meter (f 3.6) Jarrell-Ash Ebert-type monochro-

mator is equipped with two gratings blazed at 3000 • (2365 lines/mm)

and 6000 R (1180 lines/mm).

The light passes through a lens and the iris, traverses the

reaction cell and is focused onto the entrance slit of the

monochromator.

For studying the species which absorb in the region 6000 to

7000 R, a Corning cut-off filter (C.S. 3-73) is inserted to eli-

minate the light with wavelengths below 4200 R. This ensures

that the signal being detected is not the effect of a second-

or third-order spectrum of other species.

(iii) The Detecting and Recording System

The detecting system uses a photomultiplier, with its high-

voltage supply, and an oscilloscope. An EMI 9783 B photomulti-

plier tube (sensitive region 2000 to 6000 R) is mounted in a

light-tight holder on the exit slit of the monochromator; alter-

natively an RCA IP-28 tube may be used. An RCA 4840 photomuli-

plier tube (sensitive region 2500 to 7500 R) can be substituted

for investigation over the 6000 to 7000 9 region. The high

voltage for the photomultiplier is provided by a Fluke Model

415 - B power supply. The output signal from the photomultinlier

is fed to a Tektronix Model 564 B storage oscilloscope. The

storage display is recorded by a Polaroid oscilloscope camera.
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Flach Photolysis Apparatus II

The peculiarity of this apparatus is the use of a coaxial

flash lamp. This lamp, powered by a low 1.5-uf capacitor and

charged to a high voltage (up to ?S kV), can provide 500-Joule

pulses down to ,I p sec. in width. It consists of two coaxial

quartz cylinders; the inner cylinder serves as a reaction cell

and the annular part contains xenon gas and serves as a flash-

tube. This system provides a close optical coupling between

the photolysing source and the sample. The reaction cell has a

length of 33 cm and a diameter of 1.6 cm,and has two removable,

optically flat quartz windows at each end. Thus, it can be

connected to another identical flashlamp in series if a double

cell length is desired.

The outside wall of the flashlamp is covered with a highly

reflective metal coating so as to maximize the light incident

on the sample. The cell is air-tight and is connected to a

vacuum system through two glass joints near each end. The

electric pulse for the lamp is provided by a low impedance elec-

tric driver unit.

The probing light source consists of a high-pressure xenon

arc lamp (K-1 lamp, Xenon Corp.) operated normally at 5 amperes

= I and 14 Volts, and powered by two 12-Volt batteries. The absorp-

tion is monitored at different wavelengths with the Spex 3/4-meter

Czerny-Turner Spectrometer/Spectrograph cited earlier.

The detection system uses a IP-28 nhotomultiplier tube with

its high-voltage power supply (Fluke 415-B), and a Tektronix 535-A

-4 4
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oscilloscope. The display on the oscilloscope is then

recorded by using a Polaroid camera.

The 3/4-meter Spex instrument can be used as a monochro-

mator in the mode described above or as a spectrograph when a

photograph detection is desired.

Fluorescence Apparatus

Several fluorescence studies of laser systems are currently

under way at Boston College. The facilities in the fluorescence

laboratory allow one tc obtain fluorescence spectra, excitation

spectra, and pulsed fluorescence data for the systems under study.

The fluorescence spectra of the samples are obtained by

exciting the samples with the light from a Sylvania DVY 650 W

tungsten halogen lamp, passed through a CuSO4 filter. The

fluorescence is observed at 900 to the direction of excitation,

chopped, and focused onto the entrance slit of a Model 2051

McPherson 1-m scanning monochromator. Optical signals are
detected by an RCA 7102 (S-l) photomultiplier tube cooled by

crushed dry ice, and amplified by a Model 122 P.A.R. lock-in

amplifier. An RCA 7265 (S-20) photomultiplier is also available.

In the infrared region, a lead-sulphide detector and a built-in

preamplifier replaces the photomultiplier tube.

Pulsed fluorescence measurements are made by using £G & G

FX-12 or FX-33 flash tubes, and observing the fluorescence at-I
right angles through an intereference filter and a lead-sulphide

"detector or an RCA 7102 or an RCA 7265 photomultiplier tube.
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The detector is housed in a light-tight enclosure. The fluores-

cence decay is observed and photographed on a Tektronix 533

oscilloscope,

The excitation spectra are obtained by selectively pumping

the samples by means of a Model 82-410 Jarrell-Ash monochromator

and detecting the fluorescence output through an interference

filter. A Sylvania DVY 650 W tungsten halogen lamp is used is

the exciting source. Three gratings are available for use with

this monochromator: the first has 2365 lines/mm and is blazed

at 3000 R; the second has 1180 lines/mm, blazed at 6000 R; the

third has 590 lines/mm, and is blazed at 1.2p. The resolutions

are given by:

500u slits 2000P slits

3000 blaze -16 -o0

6000 blaze 16 so5

1.2p blaze 35 R 145

Dye-Laser Apparatus

A Molectron Dye Laser Model DL-12 pumped by a Molectron UV-12

(250 kW) N2 laser is available for spectroscopic measurements.

This laser can deliver pulses of duration down to 7 nsec. at

repetition rates 1-50 pps. The laser output is monochromatic to

within 0.1 R (at 4600 •). The spectral region covered with 16

dyes is 3600-7400
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The detection of the optical signal following the laser

excitation of the samples is accomplished by a P.A.R. Model 164

gated integrator whose output feeds a P.A.R. Model 162 boxcar

averager.

The combination dye-laser/boxcar integrator allows a wide

variety of measurements such as absorption, fluorescence, exci-

tation, lifetime and time-resolved spectroscopy.
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SPECTRA OF EXPLOSIVE MATERIALS IN SOLUTION

Introduction

This section presents absorption data for several explosives

or explosive-related materials in solution. The materials

investigated are: benzene, toluene, isomers of dinitrotoluene

(DNT); 2,4,6 trinitrotoluene (TNT); 1,3,5 triazinehexahydro

1,3,5 trinitrocyclohexane (RDX); diphenylamine (DPA), ethyl

centralite (EtC); nitroglycerine (NG); and pentaerythritol-

tetranitrate (PETN). The molecular formulae of these materials

are shown in figure 4.

Of these materials, benzene and toluene were investigated

because they are the structural core of the DNT's and TNT.

Thus, comparison of the spectra of benzene and toluene with the

nitrotoluenes reveals interesting information about the

effect of the -NO2 groups on the absorption. Aside from benzenei2
and toluene, the remaining materials are all either explosive

or present in explosive materials. Their common denominator is

that they contain nitrogen. Since the nitrogen is believed to

form the basis for the energetic behavior of these materials,

it is interesting to 'classify them according to the type of

nitrogen they contain. The compounds fall into three classes:

(a) compounds which are basically amines, (b) comDounds containing

one or more nitro (-NO 2 ) groups and (c) compounds containing

one or more nitroxy (-ON0 2 ) groups. These are listed in table I.

This classification will be useful when we begin to analyze the

electronic band structure of these compounds. Also, for reference,

table 2 lists the physical properties of the materials of

interest.
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Experimental Details

All spectra were run on a Cary 14 spectrophotometer in one-

centimeter quartz cells. Unless otherwise noted, all solids

were recrystallized twice in either toluene or ethanol and

pumped on to remove the solvent. 2,4 DNT was recrystallized

in toluene, all other DNT's in ethanol; TNT was recrystallized

in ethanol; RDX was obtained pure from Dr. Lyle Malotky, Naval

Explosive Ordnance Disposal Facility, Indian Head, Maryland,

and used without further purification; DPA was obtained "Baker

Analyzed" from J. T. Baker and used without further purifica-

tion; EtC was twice recrystallized in ethanol; NG was obtained

on a-lactose and used without separation; and PETN was obtained

in detonation cord as pure PETN and used without further puri-

fication. Both benzene and toluene were ordered spectropure

from Baker and used without further purification. The solvents

used are either ethanol (which was ordered spectropure for

ultraviolet spectroscopy from Baker and was used without further

purification), distilled water, ACS certified spectroanalyzed

isobutanol, or ACS certified spectroanalyzed 2-propanol as

noted. The 5% ethanol-95% water solutions were prepared by

dissolving the sample in ethanol to make a solution 20 times

more concentrated than desired, filling 5% of the volume of a

volumetric flask with this solution and, finally filling the

flask with distilled water.

We note that although water is transparent throughout the

ultraviolet region, ethanol is not. When the solvent begins

to absorb strongly, it can mark out som, absorption of the solute.

Thus, the spectra nbtained in 95% water-5% ethanol are accurate

1,-,wn to 1900 • whilo thrv- in eth.-uiol tare only accurate down

1 - .7 7050
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Analysis of the Spectra

Benzene, Toluene, 2,4 DNT and 2,4,6 TNT in Ethanol

The first group of spectra is shown in figure 5 and consists

of benzene, toluene, 2,4 dinitrotoluene (DNT) and 2,4,6 trini-

trotoluene (TNT), each in ethanol. The peaks and extinction

coefficients for these spectra are listed in table 3. (The

table includes relevant data from the literature.( 1 ' 2 ) These

spectra indicate the effect of various substituents on the

absorption of the benzene ring. Looking first at benzene

(figure 5.a) we see a structured absorption between 2350 and

2600 9 and a second, very intense absorption below 2150 g. A

comparison of the spectrum of toluene with that of benzene indi-

cates the effect the -CH3 group has on the absorption. Figure 5.b

shows that toluene also has a structured absorption from 2S0Q to

2700 9, the extinction coefficient of which is comparable to

that of benzene. The difference in the shape of the structure

seems to be mainly due to an alteration in the intensity of the

benzene bands. Toluene also has an intense band below 2200 •.

(The CRC Handbook(1) lists its peak at 2070 • with log c 3.97.)

(Note: Because ethanol begins to absorb very strongly at 2000

it is not possible to make an accurate determination of this

peak on our apparatus.)

I'1CRC Handbook of Chemistry and Physics, CRC Press, 57th Ed.

(1976-1977).

(2)W. A, Schroeder, P. E, Wilcox, K. N. Trueblood, and A. 0.

Dekker, Anal, Chem. 23, 1740 (1951).
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Comparison of DNT with toluene indicates the effect of the

-NO2 groups on the absorption. Figure 5.c shows that the

effect is very marked, washing out all structure, broadening

the absorption, and increasing its intensity by about two orders

of magnitude. It is strongly suspected that the structured

ring absorption of benzene and toluene is still present, however,

it is masked by the much more intense absorption in this region.

DNT also has an absorption near 2000 9, but this absorption

is difficult to observe in ethanol. Previous authors (see

reference (3) and references therein) have interpreted the 2410

band of DNT as corresponding to the 2000 R band of benzene; this

interpretation is reaisonable based on the similar behavior of

nitrobenzene and the fact that the nitro group is known to

exert a strong influence on ring properties.(4) This 2410

band, therefore, is the so-called "First Primary Band," which

characteri-tically possesses an extinction coefficient -10 1/mole-

cm. This identification explains the large difference between

the extinction coefficients for benzene and 2,4 DNT in the 2500

region. The absorption band residing below 2100 X in the 2,4 DNT

spectrum may be due to either the Second Primary Band or the NO2

groups themselves. (The Second Primary band is related to the

1800 R band of benzene. It is not uncommon in

(3) T. Abe, Bull. Chem. Soc. Japan 31, 904 (1958).

(4) H. H. Jaffd and M. Orchin, Theory and Applications of

Ultraviolet Spectroscopy (John W1Jley and Sons, Inc.,

- New York, 1962) ppg. 255-257.
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substituted benzenes for this band to extend into the 2000

region( 5 )). The Secondary Band in 2,4 DNT (which would corre-

spond to the benzene fingers) is essentially completely masked

by the intense First Primarv Band. This is tLe reason no sharp

line absorption is seen in the 2,4 DNT spectrum. Finally, the

comparison of DNT with TNT indicates the effect of adding yet
another -NO2 group. As with DNT, the absorption spectrum presents

a broad band. Compared with the band of DNT, the broad band in
TNT is shifted to higher energies and is more intense by about

one-third. Again, the peak near 2000 R seems to be present,

but is out of our reach.

In summary, all four samples exhibit an absorption below

2100 9, although the origins are different. Some interesting

contrasts are evident in the 2200 to 2700 X region. In this

region, benzene has a relatively weak (log c = 2.2 - 2.4),

structured absorption, toluene has a similarly weak (log c

2.2 - 2.5) and slightly less structured absorption, DNT has a

fairly strong (log c = 4.2) and broad absorption, while TNT

has a similarly broad and somewhat stronger (log c = 4.3) absorD-

tion. As has been mentioned, the presence of the nitro grouns

plays an important role in masking the structured absorption.

2,4 DNT in Solvents from Pure Ethanol to Pure Water

The second group of spectra consists of 2,4 dinitrotoluene

(DNT) in various mixtures cf ethanol and water (shown in fipvures

(5)
Op. Cit., pg. 243.
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6.a - d and figure 7). The peak positions and absorption

coefficients are summarized in table 4. Notice that the peak

of the absorption shifts by -100 R in going from pure water to

pure ethanol. In addition, the shift appears to be a linear

function of the percent water in the solution. This is thought

to be due to the polar nature of water: water is more polar

A Ithan ethanol and thus forms stronger hydrogen bonds with the

solute molecules (in this case, the DNI molecules). The effect

on the DNT is to pull the electrons out from the ring toward

the -1102 groups. It is known" 6 that such an inductive effect

lowers the electron density of the benzene ring and hence

lowers the absorption energy. We will have more to say about

this effect in the section on general conclusions.

214 DNT in Isobutanol and 2-Propanol

As further evidence that the solvation shift observed above

for 2,4 DNT is due to the more polar nature of water (compared

with ethanol), we dissolved 2,4 DNT in two other solvents which

are also less polar than water, namely isobutanol and 2-prooanol.

Since these two solvents have polarity closer to that of ethanol

than to that of water, we expect to observe absorption maxima

nearer to that in ethanol. As shown in figure 9 and summarized

in table 5, our expectation is correct. In isobutanol the

maximum is at 2390 R while in 2-propanol it is at 2395 R; both

of these values are closer to 2410 R than to 2520 •. It should

be noted that 2,4 DNT do-s not readily dissolve in e-ither iso-

butanol -r 2-propanoi anil hence an dccurcdte tT-ter-"iticn he

C. P. Conduit, J. Chem. Soc., 3273 (1959).
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"concentration is not possible. Thus, no significance should be

attached to the difference in the calculated extinction coeffi-

cients in these solvents.

Isomers of DNT in Ethanol

iThe fourth group f spectra shows the absorption of five of

"the six isomers of DNT. (The 3,5 isomer is missing because we

were unable to find a source for it.) This group of spectra

indicates how the position of the -NO? groups on the ring affects

the absorption position and intensity.

We would like to begin the discussion of these spectra

by making two general observations about them. First, notice

that not only the peak position, but also the general shape

of the spectrum varies greatly from one isomer to another.

Secondly, notice that while some isomers exhibit fairly well-

defined peaks (e.g., 2,4 and 2,5) others merely have shoulders

(e.g., 2,3 and 3,4). Thus, in a few cases, it is difficult

to unambiguously assign the position of the absorDtion maxi-

mum. In these ambiguous cases we have identified the peak

which most closely corresponds to the literature values.(l,6)

In Conduit's work, for example, he considers only

the most intense maxima in the 2100-2800 R region, and assumes

these to correspond with the First Primary Band of benzene. In

the case vf 2,3 DNT, however, he treats this intense band as

residing below 2100 R, despite the presence of a maximum at

-2600 R (see figure 9.a). This is justifiable for two reasons.
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(1) The band at -2600 has an extinction coefficient of -5800

1/mole-cm. This is rather weak for a First Primary Band, whose

typical extinction coefficient is -10,000-20,000 1/mole-cm.

(Note the extinction coefficients calculated for the other

isomers.) (2) His model for explaining the band shifts works

well for the other five isomers of DNT. When this model is

applied to 2,3 DNT, it predizts a band position below 2100

Based on these considerations, we will follow the

assignments of Conduit in discussing the isomer shifts.

The spectra we have obtained in ethanol are shown in

figures 9.a - e and the data summarized in table 6. Notice

that the variation in intensity from one isomer to another is

not very great. (c varies from 17,300 to 8,900). The position

of the maximum absorption, however, varies by 550 •. The enerpy

of the maximum increases along the series 2,5 to 3,5 to 2,4 to

2,6 to 3,4 to 2,3.6) A similar variation is seen for the

isomers of DNT in water and we postpone discussion of this

isomer shift until the next section.

Isomers of DNT in 95% Water-5% Ethanol

As in the preceding section, this group of spectra (shown

in figure 10) shows the absorption of five of the six isomers

of DNT. In contrast to the last set, this set has the isomers

dissolved in a mixture of 95% water-5% ethanol. This mixture

was chosen instead of pure water because the isomers of DNT do

not readily dissolve in water, yet this solvent is close to

pure water. Our work with 2,4 DNT indicates that the spectrum

in this mixture is indeed very close to that in pure water.
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As with the spectra of the isomers in ethanol, this set

of spectra indicates how the position of the -NO2 groups affects

the energy of the absorption. As has been mentioned, this effect

has been analyzed by Conduit who looked at the absorption

spectrum of the isomers of DNT in 5% ethanol-95% water and reported

a single intense maximum in the 2100-2MOO R region. (This absorp-

tion was accompanied by one or more "inflections" on the long-

wavelength side.) The exact position of this maximum depends

on the precise compound considered. If nitrobenzene is taken

as the parent, the absorption of the other compounds can be

analyzed as shifts from the nitrobenzene absorption. In this

way, three conclusio.is can be drawn:

(a) A pair of NO2 groups reduces conjugation to the benzene

ring by competition. The magnitude of the reduction

depends on the ring position of each group.

(b) A pair of NO2 groups (and to a lesser extent, an NO2

group and a methyl group) hinder each other sterically

so that neither can be coplanar with the ring.

(c) Methyl groups enhance conjugation of nitro groups

except for ortho-nitro groups. In the latter the

enhancement is canceled due to steric hindrance.

Thus, we have a method to predict where the various isomers of

DNT will absorb.

Quantitatively, we can deduce the magnitude of the shift

for variow substituents by looking at the dinitrobenzene and

the nitrotoluenes. The magnitudes of the shifts and the corre-
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sponding reasons are listed in table 8. Then, crudely assuming

that the effects are additive, one can predict the position of

the absorption for the dinitrotoluenes. These are listed in
(6)

table 9 which indicates that Conduit's model does a

fairly good job of predicting the absorption maxima. An under-

standing of this shift is important because the same electronic

factors are responsible for the observed solvent shifts not

only in the dinitrotoluenes, but also in the other materials

-.nvestigated. Basically, an enhanced conjugation between the

!ti substituent and the benzene ring means that the electronic

density is spread out over a larger area, i.e., the benzene

ring plus the substituent. A larger area for the electronic

cloud implies more closely spaced energy levels and hence a

lower energy required for excitation to the first excited state.

It is well known (7) that an -NO2 group withdraws electronic

charge density from the benzene ring and competes with another

-NO2 group. We shall refer to this argument again in the general

remarks section of this chapter.

A final observation should be made about the isomers of

DNT. Notice that all isomers show evidence of an absorption

between 1900 and 2000 •. Although the exact Dosition and

extinction coefficient are sometimes difficult to accurately

deduce (particularly in ethanol which begins to absorb rather

strongly in this region) there is little doubt that an absorp-

tion does exist in this region. As we have pointed out earlier,
(7)

See any introductory organic chemistry text, e.g., Morrison

and Boyd, Organic Chemistry (Allyn and Bacon, 1967).
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this may be due to the Second Primary Band, or to

the NO2 groups themselves. The second absorption

at lower energy is the First Primary Band; this band

apparently overwhelms the structured secondary band in the

same general region. Such a phenomenon is also observed in

(4)
nitrobenzene. A quantitative explanation of these effects

awaits a full molecular orbital calculation of the spectrum.

Three Purities of TNT Examined

In our efforts to obtain information on the spectra of

explosives and explosive-related materials, we have obtained

three different purities of TNT: (1) Military grade or crude

TNT, (2) recrystallized military grade TNT, and (3) Eastman

pure 2,4,6 TNT. A gas chromatograph of the Eastman TNT indicates

no contamination with any of the isomers of DNT nor with other

isomers of TNT • Our solution spectra (figure 11) indicate

that the military grade TNT definitely has some impurities in

it. (Gas-phase spectra -- to be discussed later -- indicate

that at least part of the contamination is due to toluene.)

On the other hand, our solution data show no difference between

the recrystallized TNT and the Eastman pure 2,4,6, TNT. (The

Eastman TNT was used without further purification.)

TNT in Ethanol and 95% Water-5% Ethanol

This group of spectra, (shown in figure 12) and indeed

the rest of the spectral groups in this report, indicate the

nm effect of the solvent (either ethanol or water) cn the intensity

and position of the peak of compounds relevant to our work.
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This particular group examines trinitrotoluene (TNT). As

shown in figure 12 and summarized in tab'r 10, the extinction

coefficient for TNT is slightly greater in ethanol than in 95%

water-S% ethanol. At the same time, the absorption maximum

is shifted to lower energy by 80 R in 95% water-S% ethanol.

I• This trend will be commented on in the general remarks at the

end of this section.

I Absorption Spectrum of RDX

The next pair of spectra, presented in figure 13 shows

the absorption of RDX in both solvents (ethanol and 95% water-

5% ethanol). As summarized in table 11, the extinction

coefficient of RDX in 95% water-5% ethanol is slightly greater

than in pure ethanol. This is opposite to the trend of the other

materials and is certainly much less significant than the change

of the overall spectrum of RDX in going from one solvent to

another. In ethanol, RDX resembles 'TNT exceptz for a strong,

but not very well defined band at higher energy, Tn 95% water,

this band is seen more clearly; the lower-enerqy absorption also

becomes slightly narrower and shifts to lower energy by -70

Orloff, Mullen, and Rauch (8) have done a compiete molecular

orbital calculation for RDX and assigned the lower-energy absorp-

tion to a n-rw* transition, while the higher-eiatrgy one is main.ly n-7r*.

(8)M. K. Orloff, P. A. Mullen, and F. C. Rauch, J. Phys. Chem.

74, 2189 (1970).
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It is useful to compare RDX to TNT. At first glance, it

appears as though RDX and TNT should be very similar; the

carbons of RDX are four-fold coordinated, however, the nitrogen

in -,he ring introduces a lone pair of electrons. Thus, RDX

satisfies the 4n + 2 Hickel rule for aromaticity. However,

both the above molecular orbital calculation and X-ray diffrac-

tion data(9) indicate that RDX is non-planar and, therefore,

lacks the aromatic w electron cloud. Thus, RDX cannot exhibit

a benzene-like 7÷r-+ transition. Nevertheless, RDX can and does

exhibit an absorption involving the -NO2 groups. Hence, the

' RDX absorption resembles that of TNT because they both contain

-NO2 groups.
(2

Absorption Spectrum of Diphenylamine

The next set of spectra (figure 14) shows the absorption

of diphenylamine (DPA). DPA represents a very interesting case

for several reasons: the extinction coefficient is significantly

lower, the spectrum is much broader, and the absorption maximum

is at a higher energy in 95% water-5% ethanol (see table 12).

The higher energy is particularly interesting because it is in

contrast to our previous samples which absorb at lower energy

in 95% water. hore -.'*.1 be said about this in the general

remarks section. For now, we merely note that DPA is an amine,

while the previously studied compounds have all been nitro-

containing compounds.

(9) P. L. Marinkas, "Luminescence Properties of RDX and HMX,"

Picatinny Arsenal Technical Report No. 4840, August, 1975.
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As a final note on DPA, we would like to point out that

Sthe absorption in 95% water is not weaker than in ethanol,

because although the extinction coefficient is smaller, the

tand is significantly wider. Thus, the integrated intensity

remains the same.

Absorption Spectrum of Ethyl Centralite

Like diphenylamine, ethyl centralite (EtC) is an amine.

Thus, it is not surprising to see the absorption maximum shift

to higher energy in 95% water when compared to ethanol (see

figure 16). Notice that EtC also has a significantly lower

extinction coefficient in 95% water and, like DPA, the absorption

peak is broader in 95% water. (See table 13 for a summary

of the data on EtC.) We will say more about these trends

in the final section.

Absorption Spectra of Nitroglycerine and Pentaerythritoltetra-

nitrate (PETN)

We are discussing these two compounds, nitroglycerine (NG)

and pentaerythritoltetranitrate (PETN), together because

the similarity of their spectra. Figure 17 shows the absorp-

t3on spectrum of NG, while figure 18 shows that of PETN.

Both are characterized by a near zero absorption until -2300 R,

where the absorption begins to sweep up strongly. This similarity

is perhaps due to the fact that both are nitroxy compounds as

contrasted with the nitro and amine compounds discussed previ-

ously. It should also be noted that in -the NG spectra of figure

17, there appears to be a weak band in the 2300-3000 regiorn.

3.'
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Its presence is especially evident in the ethanol solution

(figure 17a). This feature was also observed in the vapor

spectra and will be discussed later. There is evidence of the

same behavior for PETN in figure 18.

General Remarks

In this section we want to make a few general remarks about

the a.bsorption spectra of the compounds investigated. For these

general remarks we will refer again to the classification of the

compounds given in table 1. We will begin with a few remarks

about the absorption spectra and then will look fairly clcsely

at the solvent shift.

Looking at the classification and at the spectra, we notice

that the amines and the nitro compounds show a maximum between

2000-2900 R, while the nitroxy compounds show no maximum and

3 indeed little absorption in most of the ultraviolet region.

This is an important observation because it indicates that

the nitroxy compounds, which interfere with some detection

techniques, should be much less of a problem for a detection

technique based on ultraviolet absorption.

We now look more closely at the so'vent shift. This shift

is summarized in table 14 and refers to the difference in

the absorption maximum in ethanol and 95% water-S% ethanol.

First, notice that everything except RDX absorbs more strongly

in ethanol than in water. (Note that the RDX spectrum is also

somewhat narrower in water which would make the extinction

40



coefficient somewhat larger than in ethanol). Second, notice

that the nitro compounds all shift to lower energy in 95% water-

5% ethanol while the amine compounds shift to higher energy.

We will now discuss these in order --- first the nitro compounds,

then the amines.

First a few general remarks about the solvent. Water is a

more polar solvent than ethanol, showing 2 higher degree of

hydrogen bonding. This hydrogen bonding perturbs the electronic

environment of the -NO2 groups increasing conjugation to the ring,

providing a larger area for the electronic charge density, and

a lower-energy absorption. A corollary of this reduced elec-

tronic charge density is a reduced absorption intensity which

is what we see in all nitro compounds with the minor exception

of RDX which has fairly nondistinct peaks.

Looking now at the amines, we see a rather different

solvation effect. First, the absorption is at a higher energy

in water and second the absorption is much broader in water,

thus leading to a lower extinction coefficient in this solvent.

Hence, the lower extinction coefficient in water is due to a

broadening of the absorption rather than to diffuseness of the

electronic cloud.

Since the solvation shift in the nitro compounds appears

to be due to hydrogen bonding between the solvent water and the

oxygen atoms of the -NO2 , one is tempted to attribute the

opposite shift in the amines to another force, discounting the

ability of the amines to hydrogen-bond. However, Ito

( 1 0 )M. Ito, J. Mol. Spectroscopy 4, 106 -(1960).
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has taken advantage of temperature effects to show that DPA

does show hydrogen bonding in an ethanol solution. Furthermore,

he has shown that increasing the hydrogen bonding leads to the

usual shift to longer wavelengths. Thus, the difference in the

solvation effect of ethanol and water on DPA is due to an

additional force beyond the hydrogen bonding. (For further

insight into the degree of hydrogen bonding between water and

DPA, it would be interesting to see what effect temperature

has on the spectrum.) It is clear that such an additional

effect is present because of the marked broadening in water

compared to ethanol.

Notice that the solvation effects, both broadening and shift-

ing, are much less pronounced in EtC than in DPA. This may

indicate that the electronic transition involved is associated

with the nitrogen. This is because the nitrogen in EtC is

sterically much move protected than in DPA, and therefore

less susceptible to solvent perturbation. The Drecise

mechanism for this shift awaits further study.

Conclusions

We make the following general conclusions based on our

observations. (1) Nitroxy compounds are not expected to

exhibit a maximum in the near ultraviolet and should not interfere

with the near U.V. absorDtion of other explosives. (2) Nitro

compounds will absorb in the near U.V. and will exhibit a shift

towards longer wavelengths in water compared to ethanol. Finally,

(3) amine compounds will also exhibit a maximum in the near

U.V., but will show a shift towards shorter wavelengths in

II water compared to ethanol.
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TABLE 1

Classification of Materials of Interest According to Type

Class (a) - Basically amines

- diphenylamine
- ethyl centralite

Class (b) - Nitro compounds

- Isomers of DNT (dinitrotoluene)
- TNT (trinitrotoluene)
- RDX (1, 3, 5 trinitro 1, 3, 5 triazacyclohexane)

'_- j Class (c) - Nitroxy compounds

- NG (nitroglycerine)- PETN (pentaerythritoltetranitrate)

.° I
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Abbreviations used in Table
of Physical Properties

A.A. acetic acid
ace acetone

AcOEt CH3 COC2H5
Al alcohol
Alk alkali
bz benzene
col colorless

c cold
d decomposes

eth ether
exp explodes
f from
i insoluble
leaf leaflets

liq liquid
I'eOH methanol

mono monoclinic
need, nd needles
ortho orthorhombic
pl plates
Py Pyrimidine
rh rhombic

s soluble
sub sublimnes
tol toluene
tricl triclinic
unst unstable
v very soluble

w water
yel yellow

6 slightly soluble
refractive index
soluble in all proportions

45
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TABLE 3

Absorption Peaks and Extinction Coefficients for the Spectra

Shown in figure 5.

(a) Peaks of Benzene

literature (1)

X max. O.D. log E A max. (lg
2600 0.40 2.25 2610 2.2

2540 0.63 2.45 2560 2.4

2480 0.51 2.36 2490 2.3

2420 0.32 2.15 2430 2.2

2370, 2380 0.20 1.95

(b) Peaks of Toluene

literature(1)

X max. CX) O.D. E_ max. (o) log E

2680 0.47 2.40

12640 0.35 2.2?

2610 0.52 2.44 2600 2.48

2590 0.43 2.35

2550 0.38 2.31

(c) Peaks of 2, 4 DNT

literature(2)

X max. (X) O.D. log_£ C max. CX)
2410 0.84 15,300 4.18 2390 - 2420 14,280

(d) Peaks of 2, 4, 6 TNT

literature (2)

Smax. (C) O.D. log C max. (R) E

2230 0.45 20-500 4.31 2270 19,700



TABLE 4

Absorption Maxima and Extinction Coefficients of 2, 4 DNT in
Solvents from Pure Ethanol to Pure Water

% Ethanol X max. (R) O.D. £log
100 2410 0.84 15,300 4.18

75 2430 0.84 15,300 4.18

50 2450 0.87 15,800 4.20
10 2510 0.81 14,800 4.17

0 2520 1.30 Concentration not determinedit

TABLE 5

Absorption Maxima and Approximate Extinction Coefficients of
2, 4 DNT in Different Solvents

Solvent A max. (R) O.D. C log°_
isobutanol 2390 0.90 16,400 4.21

2-propanol 2395 0.78 14,200 4.15

7



TABLE 6

(a) Absorption Maxima and Extinction Coefficients of Isomers

of DNT in Ethanol.
literature (2)

"Isomer A () O.D. e log C ) (•) lup C

2,3 t2540 0.32 5,800 3.76 ......

<2050 ?0.95 ý17,300 :4.24 ......

2,4 2410 0.84 15,300 4.18 2390-2420 4.15

<2050 > .60 ---- .....

2,5 2580 0.57 10,0O 4.02

<2050 >0.95 ---- ....

2,6 *2800 0.06 1,100 3.04

t2300 0.49 8,900 3.95

3,4 *2600 0.27 4,900 4.69

t2100 0.63 11,500 4.06 ---
S3,5 ---.- -.-.-.---..-.--

S(b) Listing of the Major Peaks.

Isomer X (A) O.D. _ log e

2,3 <2050 ;0.95 •17,300 k4.24

2,4 2410 0.84 15,300 4.18

2,5 2580 0.57 10,500 4.02

2,6 t2300 0.49 8,900 3.95

'i,4 t2100 0.63 11,500 4.06

3,5 --- --- ----....

tApproximate, peak not well defined.

*Shoulder.

4
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TABLE 7

(a) Absorption Maxima and Extinction Coefficients of Isomers
of DNT in 95% Water-5% Ethanol.

(6
literature(6)

Isomer X (•) O.D. E log__ X (R) log e
**2,3 t2625 0.30 5,500 3.74 ......

2000 0.85 15,500 4.19 <2100 ---

*2,4 2510 *0.81 *14,800 *4.17 2520 4.15

±1980 0.60 10,900 4.04 ......

2,5 2640 0.55 10,000 4.00 2665 4.06

1980 0.95 17,300 4.24

2,6 t2390 0.48 8,700 3.94 2410 3.95

<1950

3,4 t2680 0.27 4,900 3.69 ......

"2160 0.56 10,200 4.01 2190 4.00

"*2020 0.68 12,400 4.09

<1900 >1.00 ----

l 13,5 ... ... 2480 4.e8

(b) Listing of the Major Peaks.

literature(6)

Isomer X (R) O.D. C log E X (R) log C

**2,3 20C0 0.85 15,500 4.19 <2100 ---

2,4 *2510 *0.81 *14,800 *4.17 2520 4.15

U 2,5 2640 0.55 10,000 4.00 2665 4.06

- 2,6 t2390 0.48 8,700 3.94 2410 3.95

3,4 *2160 0.56 10,200 4.01 2190 4.00

3,5 --- 2480 4.08

**Due to the small quantity of this material available, the sample
was vacuum-dried to remove the volatile solvents (mostlv toluene)
and the solution was prepared with this sample.

* Spectrum determined in 10% ethanol-90% water.
t Approximate, peak not well defined.
* Shoulders.

119



TABLE 8

Shift in Absorption Caused by Addition of a Nitro Group or a

Methyl Group to Nitrobenzene.

Shift frcm
Material X (9) nitvobenzene (g) Reason

nitrobenzene 2689 ---

o-dinitrobenzene <2101 <-588 a, b

m-dinitrobenzene 2421 -268 a

p-dinitrobenzene 2650 - 39 a

o-nitrotoluene - 2650 - 39 c

m-nitrotoluene 2740 + 51 c

p-nitrotoluene 2836 +147 c

NOTE:

(a) A pair of NO, groups reduces conjugation to the benzene

ring by competition. The magnitude of the reducticn

depends on the ring position of each -roup.

(b) A pair of NO, groups (and to a lesser extent, an NO2
group and a methyl group) hinder each other sterically

so that neither can be coplanar with the ring.

(c) Methyl groups enhance ccnjugation of nitro groups except

for ortho nitro grouDs. In The latter the enhancement is

canceled due to steric hindrance.

I5
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TABLE 9

Predicted and Observed Absorption Maxima for the Isomers

of Dinitrotoluene.

Isomer 2, 3 2, 4 2, ' 2, 6 4, 3, 5
A (calc.) <2113 X 2529 2662 2343 • <2299 X ?523 X

X (obs.) 2000 X 2510 2640 2390 R 2160 24391

*Taken from ref. 6 , since the 3, 5 isomer was not available to us.

TABLE 10

Absorption Maxima and Extinction Coefficients of TNT.

literature

Solvent X (X) O.D. c log C A (I ) lop C
__ethanol 2230 0.45 20,500 4.31 2270 2 4.29

95% water - 2310 0.44 20,000 4.30 2320 ( 4,27

5% ethanol

,ABLE 11

Absorption Maxima and Extinction Coefficients of RDX.

Solvent literature (2)

_ _Solvent X (R) O.D. C log c X (X) log E

ethanol `2270 0.46 10,20n 4.01 2130 4.04

95% water- 4*2340 0.48 10,700 4.03
5% ethanol '1960 0.62 13,800 4.14

SApproximate, p-!ak not well defined.
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TABLE 12

Absorption Maxima and Extinction Coefficients of Diphenylamine.

literature(2)

Solvent A (R) O.D. width (R) 1 !Oq E I (X ) log E

ethanol 2850 0.59 230 20,00P 4.30 2850 4.31

2020 0.83 --- 28,100 4.45 ... ...

95% water-2790 0.43 280 14,600 4.16 ... ...

5% ethanol 1990 0.89 --- 30,200 4.48

water 2780 1.11 * --

*Concentration not determined. DPA does not readily dissolve

in water.

TABLE 13

Absorption Maxim-a and Extinction Coefficients of Ethyl Centralite.

literature (2)

Solvent A (9) 1.D. C log c () Ilog

ethanol 2460 0.81 7,200 3.86 2470 3.94

%95% water- 2440 0.72 6,400 3.81

52
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TABLE 14

Summary of the Solvent Effects on the Compounds Studied.

Shiftn

Substance xEtOH () xH20() H20 (i) O.D. EtOH O.D.H20

2, 3 <2050 2000 >0.95 0.85

2, 4 2410 2510 100 0.84 0.81

2, 5 2580 2640 60 0.57 0.55DNT•
2, 6 2300 2390 90 0.49 0.48

3, 4 2100 2160 60 0.63 0.56

3, 5 --- 2480

TNT 2230 2310 80 0.45 0.414

RDX 2970 2340 70 0.46 n.48-

DPA 2450 2790 -60 0.59 0.43*

EtC 24b0 2440 -20 0.81 0.721*

NG -.----

PETN --- --- ---- ---- ----

t somewhat narrower band in 95% water-5% ethanol
* much broader in 95% water-5% ethanol

**somewhat broader in 95% water-5% ethanol
XEtOH = absorption peak in pure ethanol

AH 0 absorption peak in 95% water-5% ethanol
22

53
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Molecular Formulae of Materials Investigated

Benzene Toluene

Isomers of dinitrotoluene:ICH
0 2O N O20N 0 O2 N NO 2

0°2 N'% 0o)

- 22 ON O2 N ~ ~ ON-N

NO
2

-~ I2,3 2 4 2,52,

02N 4 0 2N N 2

3,4 3,5

TNT 2, 4, 6 trinitrotoluene H

NO,

?

Figure 4
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Figure ~4, cont'd.

cyclotrimethylene trinitramnine C

I O~~N-N -Oor 
02 N -O2

RDX 1, 3, 5 triazinehexahydro...\1
1, 3, 5 trinitrocyclohexane c
or *2

11,3,5 trinitro 1,3,5 triazac~yclohexane

DPA diphenylarnine H

EtC ethyl centralite
or 1, 3 diethyl H C C H1, 3 diphenylurea 52 -- I1

NG nitroglycerine 0I
N-O-C-C-C-O-N

H H

0 0

CI 0

0 7
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Absorption Spectrum of 2,4 DNT
in Water. Concentration is not
determined because 2,4 DNT does
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Abaorption Spectrum of
Diphenylamine In Water.

1.0 Concentration not deter-
mined. DPA does not readily
dissolve in water.
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SPECTRA OF EXPLOSIVE MATERIALS IN THE VAPOR PHASE

Introduction

Over the past decade or so there has been considerable

attention devoted to the development of instrumentation capable

of detecting the presence of explosives prior to detonation.

In particular, the detection of such materials through

an analysis of the characteristic emitte.d vapors has been

attempted using a variety of approaches. These include elec-

tron capture techniques, plasma chromatography, mass spectro-

metry, laser photoacoustic spectroscopy and Raman scattering.

Little work, however, has been done in determining the funda-

mental optical properties of vapors of explosives and explosive-

related compounds.

Optical detection has the potential for high sensitivity

if the species being monitored has the proper optical properties.

By obtaining fundamental data on these properties, the feasibility

of employing such a detection technique can be determined.

Along these lines, we have performed extensive studies of the

absorption characteristics of a number of explosive and

explosive-related compounds in the vapor phase.

Previous studies of explosive vapors have concentrated

on such problems as determining the vapor pressures of the

relevant compounds and identifying the composition of vapcrs

I llSee, for example, the review by J. Yinon, CRC Critical

Reviews in Analytical Chemistry, pg. I (December, 1977).
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evolved from certain complex substances. For example, exten-

sive vapor-pressure dat,: for TNT, 2,4 DNT, 2,6 DNT, and EGDN

were obtained by Pella( 1 2 ) for various temperatures; room-

temperature values for TNT, DNT, EGDN, nitroglycerine, PETN and

RDX were measured by McReynolds et al.(13) The composition of

vapors evolved from military grade TNT was recently studied by

Leggett et al.; in their work, it was found that 2,4 DNT has

a partial pressure 1 to 2 orders of magnitude higher than the

vapor pressure of TNT. Jenkins et al(15) examined the vApo"s

over C-4 military explosives (-90% RDX) and found cyclohexanone

to be a major volatile impurity. In addition, Pate (16) has

investigated the vapors over certain gknpowders, dynamites, and

military explosives.

(1 2 )p. A. Pella, J. Chem. Thermodynamics 9, 301 (1977).

(13)J. H. McReynolds, G.A. St. John, and M. Anbar, "Determina-

tion of Concentration of Explosive Vapor from Parcels ar:4.

Letters," Final Report, US. Postal Service Contract

No. 74-00810, Stanford Research Institute (January, 1975).

(14)D.C. Leggett, T.F. Jenkins, and R.P. Murrmann, "Composition

of Vapors Evolved from Military TNT as Influenced by Tempera-

ture, Solid Composition, Age, and Source," CRREL Special

Report No. 77-1.6 'June, 1977).

( 1 5 )T.F. Jenkins, W.F. O'Reilly, R.P. Murrmann, and C0I. Colijis,

"Detection of Cyclohexanone in the Atmosphere Above Emplaced

Antitank Mines," CRREL Special Report No. 203 (April, 1974).

(16 )C.T. Pate, ' Characterization of Vapors Emanating from Explo-

sives," Final Report, LEAA Contract No. J-LEAA-025-73 (Ju!:e,

1976).
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Limited data on the spectroscopic properties of explo-

sive vaporsare available in the literature. Gelbwachs et al 17)

have obtained the U.V. absorption spectra of DNT, TNT,

and diphenylamine vapors and have observed emission from DNT
and diphenylamine. Claspy et alý18) have detected nitro-

glycerine, EGDN, and DNT by photoacoustic spectroscopy techniques

and have investigated the interference effects of normal atmos-

pheric pollutants. In general, the U.V. absorption properties

of explosive vapors have gone largely unexplored to date.

In any study of explosive vapors, two intrinsic Droblems

present themselves. First, the molecules involved are polar

1p9)"i1n nature and adsorb easily on glass or metal surfaces.

This suggests that the absorption cell be maintained at a

nominal elevated temperature. Secondly, the concentration of

explosive vapor available (expressed as a mole ratio of vapor

to air) at room temperature and saturated vapor conditions

runs from roughly a part per billion for RDX to parts per

million for EGDN. Consequently, the explosives themselves

are sometimes difficult to detect. For this reason, certain

higher vapor-pressure impurities characteristically found in

(17)J.A. Gelbwachs, C.F. Klein, and J.E. Ilessel, "Feasibility
of Doppler-rree Two-Photon Spectroscopy for Explosive
Vapor Detection," Aerospace Report No. ATR-76 (7911)-3
(1976).

.(18)P.C. Claspy, Y.-H. Pao, S. Kwong, and E. Nodov, Appl. Optics
15, 1506 (1976).

J. A. Rakaczky and A.D. Coates, "The Effect of Surfaces on
the Flow of Vaporized Explosives," Ballistics Research Labora-
tory Report No. 1597.
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explosives (e.g., DNT in TNT and cyclohexanone in RDX) are

also of interest as they may be easier to detect :han the

" "- host material. (14), (15) If both impurity and explosive are

observable, a higher degree of specificity in detection can

!ill be obtained. With this in mind, we have investigated the U.V.

absorption of vapors of explosives as well as associated

impurities. Specifically, the materials studied include 2, 3

DNT, 2, 4 DNT, 2, 6 DNT, TNT, nitroglycerine, diphenylamine,

RDX, ethyl centralite, PETN, monomethylamine, and cyclohexanone.

These materials were studied in the 300 C - 800 C temperature

region; the precise range for each compound was dictated by

such considerations as vapor pressure, melting point, and

limitations of the apparatus.

Experimental Details

I The basic apparatus used in this part of the experimental

I program has essentially been described earlier. Only a

few comments are needed here. A few of the spectra were

recorded on the Cary 14 Spectrophotometer. These are appropri-

ately noted in the text. Most of the spectra, however, were

obtained with the apparatus mentioned in the section on experimental

facilities. The light source used was a Becmanan or Pfaltz and

Bauer deuterium lamp powered by a Beckman Model B supply.

The light was passed through an Acton Research 230-W filter,

which transmits in the 1700-3400 R region. The detecting

system employed an EMI 9662 B photomultiplier tube. The
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vapors to be analyzed were contained in a specially fabricated

"1-m quartz absorption cell which was designed so that it could

be heated and/or evacuated. The solid sample which Renerated

the vapors was housed in a small flask attached to one of

the ports of the absorption cell. When the desired sample

temperature was reached, the vapors emanating from the solid

were allowed to enter the 1-m cell and equilibrate.

In order to obtain the absorption spectrum of a given

compound, a spectrum with the cell evacuated was first recorded.

This was followed by a spectrum obtained with the vapor present

in the cell. The optical density (O.D.) at a given wavelength

was then calculated from the expression: O.D. = log 10 110 M/

I(M) , where I (A) and I(M) refer to the transmitted intensities

for the evacuated and filled cell, respectively. Correction for

fluctuation in the lamp intensity from one trace to the next

was made by comparing the transmitted intensities over a region

of no vapor absorption. For convenience in presenting the

results, the optical density was calculated at 50-9 intervals.

The resolution of the apparatus itself was tyDically -3-7

The resolving power may be seen directly in figures 19 and 20,

which contain the recorder traces of the absorption of toluene

and benzene vapors, respectively. Because the ordinate repre-

sents transmitted intensity, the dips in the spectra corres-

pond to absorption peaks.I
Experimental Results

The absorption spectra of the vapors evolved from the

comDounds of interest are divided into six Aroups and discussed

7t4
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below. The groupings are: isomers of DNT, TNT, nitroglycerine,

amines (diphenylamine, monomethylamine, and ethyl centralite),

RDX and cyclohexanone, and PETN. Unless otherwise noted, all

solids were recrystallized twice in either toluene or ethanol

and pumped on extensively to remove the solvent. The ethanol

used was ordered spectropure from Baker Chemical Company and

the toluene was either Baker spectropure or Fisher A.C.S. grade.

The sample temperatures referred to in this section

denote the temperature of the solid compound from which the

vapors were generated. The absorption cell which contained

the vapors under investigation was kept -15-20°C warmer than

the solid sample. This was done to inhibit adsorption of

the vapors on the cell surfaces.

Isomers of DNT

As was mentioned earlier, DNT is commonly found as an

impurity in commercially produced TNT. Vapor analyses of

military TNT have indicated the presence of all six isomers

to some extent, with 2, 4 DNT as the largest contributor.14)

In view of this, it is important to investigate the absorption

properties of DNT in the vapor phase. For our studies, we

examined 2, 4 DNT, 2, 6 DNT, and 2, 3 DNT; the samples used

were obtained from ICN K & K Laboratories. Because of the

small amount of 2, 3 DNT at our disposal, this compound was

not recrystallized, but rather pumped on for several hours.

The sýpectra obtained for 2, 4 DNT vapor at 40, 51, and 60 C

are presented in figures 21 23 (figures 21 and 23 depict

two runs each.) In general, one notices a wide absorption

I75



band in the 2250 - 2600 • region. Because of the broad, flat

appearance of this band, the position of the maximum is diffi-

cult to gauge. (A rough estimate would be -2300 •. The band

width is -650 R.) On the high-energy side of this band, there

appears to be a second absorption maximum. Details of this

band cannot be discerned because the data taken below 2100

are not s Ificiently accurate. The band maximum may be in the

vacuum U.V. It may be noted that no Pronounced enhancement

of the absorbance is observed as the temperature is raised.

This increase would be expected because of the higher vapor

pressure at higher temperatures. The possible reasons for

this will be discussed in a later section.

The absorption spectra of 2, 6 DNT vapor at 40½, 51, and

590C are presented in figures 24 - 26. It can be seen that

the band at -2300 R is much less pronounced than in 2, 4 DNT.

In fact, for some spectra (for example, those taken at 59°C),

this band is almost absent. A second absorption appears to

exist below -2150 R with an optical density higher than that

of its lower-energy counterpart. Because of mutual interference,

the width for the lower-energy band is difficult to obtain.

As for 2, 4 DNT no pronounced temperature effect is observed

in raising the temperature from 400C to 600C.

The results for 2, 3 DNT at 420C and 52°C are present'd

in figures 27 and 28. The absorption of this compound in

the vapor phase is relatively weak compared with that of

2, 4 DNT for the same temperatures (see figures 21 and 22).

In addition, there is no clearly definable absorption peak

in the 2100 - 3000 • region.
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TNT

The absorption spectra of vapors evolved from various

samples of TNT are presented in figures 29 - 35. Figures

29 - 31 contain spectra for Military Grade TNT obtained

from Mr. Leo Voght of the Massachusetts State Fire Marshal's

office. The results indicate a relatively strong absorption

extending below 2100 R anu a weaker band peaking at -2550 A.

Not included in these figures is some weak, sharp-line structure

in the 2500 - 2700 R region at 500C and 690C. By a compari-

i I son with spectra taken previously by us, these lines can be

attributed to toluene vapor.

In order to remove the toluene and other high vapor-

pressure impurities, the above sample of Military Grade TNT

was then recrystallized and pumped on for a total of 32 hou'rs.

The absorption spectrum obtained at 600 C for this purified

TNT is presented in figure 32. No absorption is detected

in the 2200 - 3000 R region, but there is still evidence

of a band residing below -2100 R.
For purposes of comparison, we also examined a sample of

Eastman 2, 4, 6 TNT. This sample was obtained from Dr. John

Hobbs of the Department of Transportation and was studied

initially without further purification. The spectra for 42 C

and 600C are included in figures 33 and 34. The general

features are essentially the same as those observed in the

Military Grade sample. There is the usual strong absorption

below -2100 R accompanied by the broad band at -2550 R and the

sharp-line toluene structure from 2500 • - 2700 •. (The
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contribution of the toluene vapor can be seen in these figures

as a distortion of the 2550 R band and a tooth-like absorp-

tion at -2650 R.) There is a noticeable enhancement of all

of these features as the temperature is increased from 42°C

to 600C. Figure 35 displays the spectrum of the Eastman TNT

sample at 600C after it was pumped on overnight. Apart from

overall intensity, the spectra in figures 34 and 35 are

the same.

Nitroglycerine

Because of the hazardous nature of pure nitroglycerine,

we generated the vapor studied from a sample consisting of 10%

nitroglycerine on a-lactose. The absorption spectra obtained

at 600C and 790C are presented in figures 36 and 37.

(There is some scatter in the points in the 60 C .--;ctrum, but

this is due to the very low absorption at this temperature.)

In general, there is a relatively strong absorption band

extending below -2500 R and peaking below 2100 •. In addition,

there appears to be a weak band in the 2600 - 3100 R region.

The optical density of the peak is about 12 times smaller

than that calculated for X = 2100 •. The same features

including the weak band, were observed in the solution spectra

(see figure 17).

Amiines

Three amines were examined in the course of this study:

diphenylamine, ethyl centralite, and monomethylamine. The

vapors of the first two emanate from smokeless powder, and
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the last is found above water gel explosives. The diphenyl-

amine was obtained "Baker-Analyzed" from J. T. Baker and

used without further purification; the ethyl centralite was

recrystallized twice in ethanol. The monomethylamine was

obtained from Matheson Gas and used as received.

The spectra obtained for diphenylamine vapor at 24 and

45 0 C are reported in figures 38 and 39. There is a region

of strong absorption below 2200 R and a weaker band extending

from -2400 R to -3000 R. As for nitroglycerine, one can see

a definite enhancement of these features as the temperature is

increased. There is some evidence of structure within the

weak band; this may indicate that the absorption in this region

consists of several overlapping bands. The spectra obtained

in this study agree qualitatively with that obtained by

17)
Gelbwachs et al. for diphenylamine vapor at 65 0 C.

For monomethylamine, the spectrum was recorded directly

on a Cary 14 with 10cm cells. This is possible because mono-

methylamine is a gas at room temperature and atmospheric

pressure and is, therefore, available in a relatively high

concentration. The spectrum so obtained is presented inI
figure 40 and displays an absorption band centered at -2170

with a well-defined vibrational structure extending from -2400

, I down to at least 1900 •. (The latter wavelength represents

the limit of the apparatus used.) This spectrum agrees we]l

with that reported by Tannenbaum et al., 20 ) who were

able to follow the absorption down to -1600 R. Their data

indicate a second absorption peak at -1740 R whose extinction

(20) E. Tannenbaum, E.M. Coffin, and A.J. Harrison. J. Chemical

Phys. 21, 311 (1953).
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coefticiant is about tour times that for the lower-anergy

band.

In the vapor phase, ethyl centralite presents the absorp-

tion features indicated in figure 41 for a saml..e temperature

of 760 C. (Attempts to obtain a spectrum for several lower

temperatures proved unsuccessful.) A relatively strong ibsorp-

tion band exten.ds below -2300 9 and peaks below 2100 •, On

the low-energy side, there is a broad shoulder which covers

the 2400-3000 R region. This band has a peak optical density

about a quarter of that obtained for X 7100 •.

CycQohexanone and RDX

As has been mentioned earli• r, cyclohexanone ( wO ) is

a prominent impurity found in th, vapors above RDX and RDX-con-

taining explosives; as such, its vapor 'tsorption properties

are also of considerable interest. Our sample was obtained pu-.'-

fied from Fisher Scient-iric and placed on chromosorb. The snertrum

obtained at 64 0 C for cyclohexanone vapor is reported in figure

4... There is evidence cf an absorption maximum below 2100

but the prominent fect'are is a e'olative1" wide (-tPC R) ,absiorl

tion band centered at -2900 R. This band is distinct ive in

that no other substance examined in thltý study possesses ('an

absorption peak at suchl a low energy.

Out sample of RDX wae obtained "pure" from Dr. -yloe Malotky,

Naval Explosive Ordnance Disposal Faoility, Indiin Head, Maryland.

Because of the small amount of the compound at our disposal, it

was used without further purification. The vapor absorption

s0
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spectrum of RDX at 80 C is shown in figure 43. There is the

usual high-energy absorption band extending below 2100 R and a

4rather wide shoulder spanning the 2200 - 2700 R region. Compared

with the other spectra already presented, this absorption is

relatively weak (O.D.4 0.1). From the data of figure 42, it is

immediately evident that -i-tle or no cyclohexanone is present

in the RDX sample studied.

PETN

Our sample of PETN was obtained in detonation cord as

"pure" and used withoit fur-ther purification. It was received

from Dr. John Hobbs of the Department of Transportation.

The absorption spectrum of PETN vapor at 800 C is reported

in figure 44. There is no well-defined peak observed in The

2100 - 3000 9 region; the spectrum appears to consist of a

single band extending from -2500 R towards the vacuum U.V. and

peaking below -2100 • . There may be a shoulder present at

-2300 X, but the data are not conclusive.

Discussion of Results

Isomers of DNT

The absorption spectra of 2,4 DNT reported in figures 21, 22,

and 23 agree qualitatively with that obtained on d Cary 14 by

Gelbwachs et al17) for DNT vapor. A critical comparison is

not possible, since the Gelbwachs group did not know the isomeric

content of the DNT sample they examined.(21) Their data indicate

(21) J.A. Gelbwachs, private communication.
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( a band centered at -2200 with a shoulder at -2500 O.fur

spectra reveal the previously mentioned band centered at -2300

As an additional check, we ran our own spectlva of 2,4 DNT vapor

at 40 C on a Cary 14 and oLtained results similar to those in

th*. above figures. The maximum at 2300 R represents a 200-R

s..ift towards shorter wavelengths compared with a 5% ethanol-

water solution.' 6 )

If one knew the vapor pressure of 2,4 DNT as a function of

temperature, the extinction coefficient of the absorption peak

could be easily calculated. A recurring problem with explo-

sive materials, however, is the wide range of vapor-pressure

values quoted in the literature for a given compound at a given

* temperature. For example, the vapor pressure of nitroglycerine

at 20°C has been calculated to be 2.5 x 10- mm H13 2 2 24) while

the value for 25 0 C has been reported as 2.4 x 10-5 m Hg.(13)

Vapor-pressure values for RDX at 250C run from -1.4 x 10- mm

Hg5 to 7 x 10-7 m Hg.' Similar scatter occurs for DNT.

In fact, data are often presented for DNT without any reference

to the isomeric content of the sample examined. Consequently,

it does not seem advisable to calculate extinction coefficients

T. Urbanski, Chemistry and Technology of Explosives (Per-

amon Press, N.Y., 1965).

( 2 3 )"Properties of Explosives of Military Interest," AMC

Pamphlet 706-177, U.S. Army Materiel Command, January, 1971.

'2 4 )A. Marshall and G. Peace, J. Soc. Cnem. Ind. 109, 298 (1916).
( 2 5 )J.M. Rosen and C. Dickinson, "Vapor Pressures and Heats of

Sublimation of Some High Melting Organic Explosives," NOI.
Report 69-67, 16 April 1969, AD 689112.
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from publish-led vapor-pressure data. What might be more enlight-

ening is to estimate our own vapor pressures based on the

extinction coefficients we have measured in solution. (It

is not expected that these solution values will differ greatly

from those appropriate to the vapor-phase compound.) We have

consequently taken this latter approach in the presentation of

the data for DNT as well as the other compounds studied. For

example, we have determined the extinction coefficient of 2, 4

DNT in a 10% ethanol-water solution to be -14,800 1/mole-cm at

X. max. 2510 • (see table 4). This, coupled with an optical

density of -0.20 at 2300 • and 40 0 C (see figure 21) and a cell

length of 100 cm, leads to a concentration of -1.3 x 10 mole/l.

This in turn converts to a vapor pressure of 2.6 x 10- mm Hg

at 40 C. This value compares reasonably well with that obtained

by Pella( 1 2 ) at the same temperature (1.3 x 10 mm Hg).

The basic data obtained by us for 2, 4 DNT (as well as the

other compounds studied) are summarized in table 15.

From a cursory glance at figures 21 - 23, one observes

that there is no pronounced enhancement of the absorbance as

the temperature is raised from 400C to 60°C. Such a change

is expected, since the vapor pressure of 2, 4 DNT increases

(12by an order of magnitude in this region. 2) This discre-

pancy is very likely due to adsorption losses onsomeoftheglassand

quartz surfaces of the set-up. To minimize these losses, the

relevant surfaces had been maintained at a higher temperature

than the solid sample. Because of "cold spots," it appears that

much of the 2,4 DNT condenses on some of the surfaces of the
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assembly at higher temperatures. This phenomenon of surface

adsorption represents a recurring problem that we have en-

countered in dealing with these polar molecules.

In comparing the solution and vapor spectra for 2, 4 DNT,

we note that there is a poorer resolution of the absorption

bands in the latter case. This is most easily seen in figures

7 and 21. In figure 7, the band at 2500 R is clearly

separated from the higher-energy band peaking below 2100 R.
This is not so in the vapor-phase spectrum of figure 21, in

which the two bands overlap more strongly. The same behavior

can also be seen in the vapor-phase DNT spectrum of Gelbwachs
(17)et ale and appears to be due to the shift of the absorp-

tion peak from -2500 R to -2300 R. (There seems to be no

significant difference in the band widths.)

For 2, 6 DNT, the general situation is somewhat less clear,

because the bands are more poorly resolved than in 2, 4 DNT.

(Compare, for example, figures 21 and 24.)

This was also abserved in the ethanol solution spectra

(see, for example, figure 9.b and d). The data in figures

24 - 26 give evidence of an absorption shoulder at -2300

The stronger absorption at lower wavelengths obscures the Dre-

cise position and intensity of this band. As was done for 2, 4

DNT, the vapor pressure of 2, 6 DNT at 40½0 C can be estimated

from the figures, Computation yields a value of 2.2 x 10-7

* -3mole/l for the concentration and 4.3 x 10 mm Hg for the vapor

pressure (see table 15 for the data used). Pella's value
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for 2,6 DNT at 400C is 3.6 x 10 mm Hg.(12) The optical

densities of 2,4 and 2,6 DNT are comparable at a given tempera-

ture due to the fact that the vapor pressure of 2,6 DNfl is 2 to

3 times higher than that of 2, 4DNT for the temperatures studied.

The lack oif a pronounced increase in the absorbance as the

temperature is raised. / once again pmmbably attributable to

adsorption ef.e.ts.

An interestng trend thrt was fmt mientioned in the previous

section on solution spectr& can be extended to the vapor spectra

for 2,4 and 2.;.6 DNT. It has been mentioned in the discussion

of t2be sn•-,iatn spectra that the less polar the solvent, the

higher the ahsorption energy for nitro compounds (as was seen in

figui• 6 iand- 7 for 2-,,-4- /MI). The molecules present in the

vapom-pha of a compound experience no polar environment at

all and Em•-ld have: levelz shifted upwards in energy compared

with the solution levels. This is in fact observed for 2,4 DNT

(see figures 6, 7 and 21). In the case of 2,6 DNT., the trend is

more diffiralt to verify, because the location of the band

maximum in the-vapor phase cannot be reliably d~eterimed from

the figures. What can be seen, however, is the dec~idedly

poorer band mesolution in the vapor spectra. In comparing the

spectra in figures 10d, 9d and- 24 for 2,6 DNT, we see that the

less polar the environment the less well-defined the peak is.

In figures 10d and 9d this can be seen as due to the shift

of the peak. This implies a further shift in the case of the

vapor-phase peak in figure 24.
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The results for 2, 3 DNT show no well-defined absorption

maximum in the kAO0 - 3000 R region (figures 27 and 28).

This is consistent with the findings of Conduit who

reports only an absorption tail with shoulders for X>2100 • in

a 5% ethanol-water solution. Our solution data (figure 10a)

reve-al a weak maximum on the low-energy side of the stronger

tail. This band, however, appears to be only a shoulder in

the vapor phase.

Because of the weakness of the absorption for the tempera-

tures studied, it is difficult to estimate the vapor pressure

in this case. To our knowledge, there is no vapor-pressure

data for 2, 3 DNT in the literature.

TNT

Figures 29 - 31 depict the absorption spectra of the

vapors evolved from Military Grade TNT for various tempera-

tures. By a comparison with known data and spectra

obtained by us, it appears that most of the absorption is due

to a toluene impurity. This conclusion is supported by the

fact that recrystallization and pumping virtually eliminates

all the absorption (figure 32). The Eastman 2, 4, 6 TNT

similarly produces mainly toluene absorption bands (figures

33 and 34). Overnight pumping results in a reduced absorp-

tion (figure 3S), but the structure does not disappear.

Evidently, toluene was used in the manufacturing or pur.ifica-

tion of the Eastman TNT.

(26) Calvert and J.N. Pitts, Jr., Photocemistr (John

11iley and Sons, Inc., N.Y., 1966) . 264, 499.
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Neither the Military Grade nor the Eastman 2, 4, 6 TNT

showed any vapor-phase absorption due to the TNT itself.
This is not surprising in view of the low vapor pressure for

this compound. One can, in fact, estimate the expected

(12)optical density using known vapor pressures and the
extinction coefficient determined in the solution phase of

this work (20,000 1/mole-cm). For 56.5°C, this leads to

an optical density of -0.04. Such a low signal is only barely

recognizable with the techniques used. Furthermore, any

adsorption losses would only further reduce this value and

the frequent presence of toluene impurities would tend to

mask this contribution.

What is somewhat surprising is the absence of any DNT

absorption in the Military Grade sgieta. (One would not

expect to observe the presence of t-his compound in the pure

Eastman sample...) Either the concentretion-of DNr is inherently

low in our Military Grade sample or else adsorption lossees

reduced the effecti±e concerat on in the absorption cell.

Nitroglycerine

As is seen in figure 37, 7tre is a rather sztrong

absorption band for X - 2500 6 -this is accompanied by a weak

band cente=ed at -280U . Bnth features are aliso observed in

solut±=- (see figure 177. Rcause our samrrl-e is not pure

nitroglyaerine, it is not c•iear whether the weaker band is

due to the nitroglycerine or a.. i"_uritv. A dei--niitive

an-swer au]d requtre punuifical-ion of the sam~nl-
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Some of our data seem to support the contention

that the nitroglycerine itself gives rise to the observed band.

For example, the ratio of the optical densities at X = 2100

and X = 2800 X is so12 in the vapor phase and -14 in an ethanol

solution. If the two bands represented absorption by two differ-

ent compounds, the presumably different vapor pressures would

change this ratio. Such an argument is not at all conclusive,

however, since it does not take into account the possible shift

of the higher-energy band in going from solution to the vapor

phase. Because the origin of the weak 2800 • band is uncertain,

it is not included in table 15.

Amines

For diphenylamine, the band of interest lies in the 2400-

3000 R region. The general appearance of this absorption gives

an indication of overlapping bands (see figures 38 and 39).

(17) 0In fact, a spectrum obtained by Gelbwachs et al. at 65°C

shows this more clearly. In order to obtain a continuous curve

for diphenylamine (and.therefore, better discern the structure),

we attempted to record a spectrum on a Cary 14 at elevated temper-

atures (-SO° C) and with 10 cm cells. For this compound, however,

we had a problem with condensation on the cell windows at these

temperatures. A room-temperature spectrum revealed a general

agreement with figure 38, but the absorption was too weak to

show any detail.

The vapor pressure of diphenylamine at 240 C and 450 C can be

calculated as described earlier. The value obtained at 240C

is 8.9 x 10- mm Hg. This compares with a value of 3.1 x 10-3 mm H?
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which can be obtained by extrapolating the data found in the

CRC Handbook of Chemistry and Physics. (1) The spectrum

obtained for 45°C yields a value of 1.2 x 10-3 mm Hg; extrapola-

tion of the data in the CRC Handbook results in a vapor pressure

of 1.8 x 10-2 mm Hg at the same temperature. This trend further

indicates the difficulties encountered in preventing adsorption

for elevated temperatures. Table 15 summarizes these results

for diphenylamine.

An interesting feature of the vapor-phase spectra can be

seen through a comparison with the solution spectra

(see figures 14 and 15). In the solution data,

one notices that the absorption maximum for diphenylamine

resides in the 2800 - 2850 X region for the solvents used.

The widths of these bands run from -350 R (in ethanol) to

-.475 R (in water). The vapor band is somewhat wider (-550 R)

and is centered at -2650 R. In going from solution to vapor,

4 •therefore, there is a broadening and a shift of 150-200

towards shorter wavelengths for this band. This brings the band

closer to its higher-energy counterpart and increases their

overlap. This is seen most readily by computing the ratio

of the optical density of the band maximum to that of the

intervening minimum. In the solution, this ratio is -7, -3,

and -3 for the ethanol, 5% ethanol-water, and water solutions,

respectively. From our vapor-phase spectra, this ratio is

1.5-2; the spectrum obtained by Gelbwachs et al.( 1 7 ) yields

a ratio of -1 3/4. This tendency to smear out structure was
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also observed for 2, 4 and 2, 6 DNT and results in a poorer

resolution of the two absorption bands. This of course, inhibits

the possibility of identifying such a vapor through its absorp-

tion spectrum.

In the case of monomethylamine, the problem of adsorption

does not arise, because it is a gas under normal laboratory

conditions. Our spectrum at room temperature is presented in

figure 40 and agrees with previously published spectra.(20' 2 7 )

Because this system has been relatively well studied,

there is no need to enter into great detail here.

The sharp lines observed are due to vibronic transitions, with
-1

the prominent modes having frequencies of -660 cm (amino

group (27) and -1000 cm 1 (CN vibration).( 2 0 ) Because

of the distinctive appearance of this spectrum, the presence

of monomethylamine is rather easily verified as long as the

signal itself is strong enough. Some data for monomethylamine

are presented in table 15 for the sake of completeness. It

should be noted, however, that the sample was examined at a

very reduced pressure in order to obtain optical densities

of the proper magnitude to be displayed on the Cary 14 chart

paper. Consequently, the extinction coefficient of the absorp-

tion is not obtainable from figure 40. From the work of

Tannenbaum et al (20) the maximum extinction coefficient

for the band displayed in the figure is 600 1/mole-cm.

The spectrum of ethyl centralite presepted in figure 41

reveals a broad absorption band whose maximum resides in the

7T. rster and J.C. Jungers, Z. physik. Chem. B36, 387 (1937).
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2500 region. This band is seen as a shoulder to the higher-

energy band which peaks below 2100 •. As such, the location

""r and width of the lower-energy band are difficult to determine

accurately. It appears, however, that this latter band has

broadened considerably in going from the solution to the

vapor phase. (The bandwidths are -400 R, -500 R, and -600

for the ethanol volution, water solution, and vapor, respec-

tively.) The three spectra in figures 16 and 41 point to

the following trend. The shift of the absorption peak is

rather small in the two solution spectra (-25 R). The band-

widths, hiowever, change more dramatically. This increased

bandwidth for the water solution results in a poorer resolution

of the two absorption bands (figure 16). In the vapor spectra,

the broadening has increased and led to a complete smearing out

of the lower-energy band, so that no well-defined maximum is

observed. One sees, therefore, that for ethyl centralite vapor,

the lack of resolution between the bands is essentially a

broadening effect. In diphenylamine, the poorer resolution

was a combination of shift and broadening and for the isomers

of DNT simply a shift. An important point to make iere is

that the amine broadening, as mentioned in the section on solu-

tion spectra, is not attributable to polarity effects. This is

because the broadening increases in the order ethanol-water-vapor.

This progression is not in order of polarity. For the amines,

therefore, an added mechanism is present which affects the width

of the observed band and consequently the ability to distinguish

it from the higher-energy absorption.
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Based on the observed optical density, one can estimate

the vapor pressure for ethyl centralite using the extinction

coefficient calculated for the 5% ethanol-water solution., (e

pick this value because the bandwidth in this solution is

closer to the vapor bandwidth.) This computation yields a

value of -7.8 x 10-3 mm Hg. From previous considerations,

this result is, of course, a lower bound to the actual vapor

pressure. To our knowledge, there are no data on the vapor

pressure of ethyl centralite in the literature, so no compari-

sons are possible. The relevant data for ethyl centralite are

summarized in -able 15.

Cyclohexanone and RDX

In cyclohexanone, the pronounced peak at 2900 is well-

separated from the higher-energy peak. As a result, the

resolution of the two bands is very good. This and the minimal

potential interference from most of the other compounds studied

make it an attractive compound for use in identification

purposes. Of course, this approach ultimately depends on the

U.V. spectra of other possible atmospheric constituents not

studied here. From figure 42 and the extinction coefficient

(28)of 11 1/mole-cm from Calvert and Pitts, the vapor pressure

can be calculated to be 6.5 mm Hg. This is about a factor of

five smalleo than the value obtained by interpolating the

vapor-pressure data given in the Handbook of Physics and

SChemistry (34 mm Hg). These data are included in table 15.

.(2 8 )J.G. Calvert and J.N. Pitts, Jr., Photochemistry (John

Wiley and Sons, Inc., N.Y., 1966) pg. 409.
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Interpreting the spectrum of vapors evolved from RDX

presents an intrinsic problem. The vapor pressu;a of this

compound is extremely low at room temperature. (The highest

value quoted in the literature is 7 x 10- mm Hg.)( 1 3 )

Therefore, absorption due to the impurities in the sample could

easily mask any absorption due to the RDX itself. In addition,

the vapor pressure of RDX at elevated temperatures is apparently

not known. (We could find only room-temperature data in the

literature.) Consequently, it is not possible to attribute

any observed bands to RDX by appealing to vapor-pressure

considerations and estimated extinction coefficients. The

spectrum of figure 43, therefore, may be characteristic of

vapors evolved from RDX, but may not be due to RDX itself.

Although the spectra of figures 13 and 43 are not dissimilar,

it would be unwarranted to make any assignment. Further study

of the vapor pressure and absorption spectrum of RDX is needed.

For the 2150 - 2700 R band to be due to RDX, the vapor pressure

of this compound at 80°C would have to be at least 1.5 x 10-3

mm Hg. Because the origin of this band is not certain, it

is not included in table 15.

PETN

The spectrum of vapors emanating from this compound

(figure 44) shows a measurable absorption ip to -2500 R. This

is in contrast to the solution spectra of 4igure 18, which

indicates a cut-off at -2300 R. The reason for this is not

clear. There is some evidence of a shouldeo at -2300 • in the
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vapor data. Based on the solution work, it would appear that

such a shoulder would have to be attributed to a higher

vapor-pressure impurity. Further work on a purified sample

is advisable at this stage. The solution data of the previous

chapter indicate that PETN, like the other nitroxy compound

nitroglycerine, does not itself absorb appreciably above

General Remarks

In evaluating the detectability of the above compounds

by means of U.V. absorption spectra, one must keep several

points in mind. First, with the exception of monomethylamine,

none of the explosive-related compounds studied reveal any

sharp-line absorption due to the pure compound itself. In

fact, only the spectra of monomethylamine and cyclohexanone

show any distinguishing features. (In the latter case, the

absorption occurs at a relatively high wavelength: -2900

Secondly, the vapor spectra of most of the compounds studied

show a poorer resolution between the higher and lower energy

bands than is evident in solution. For the nitro-containing

compounds (2, 4 and 2, 6 DNT), this is due to a shift of the

lower-energy band. We have been able to correlate this effect

with the polarity of the environment of the molecule. For the

amines, a broadening also contributes to the poorer resolution

in the vapor phase. In the case of diphenylamine, a broadening,

and a shift both play a major role; for ethyl centralite, the

effect seems to be purely a broadening of the lower-energy

band.
'0 94
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The nitroxy compounds (nitroglycerine and PETN), on the

s' other hand, appear to have a very weak absorption for X12300 0 .

Detection of these compounds through their U.V. spectra is not at

all feasible, but at the same time they do riot interfere with the

detection of the other compounds.

For RDX, detection is difficult because of the low vapor

pressure. Perhaps detection through cyclohexanone would be the

only practical approach. As was seen in our study, though, RDX

can be purified so as to remove all optical traces of the cyclo-

hexanone. (The low extinction coefficient of the relevant band

of cyclohexanone,-11 1/mole-cm, adds to the problem.) Many of

the same problems exist for detecting TNT through the presence of

DNT. As was mentioned earlier, the compounds RDX and PETN require
further study. •

Finally, in table 16 we estimate the minimum concentrations

detectable with the technique employed in this study. It is evi-

dent that our absorption technioue could be improved upon (for

example, by making it a dual-beam apparatus and employing a multiple-

A pass cell). In particular, if the exciting light is allowed to

make •i02 passes through the cell, we can increase the sensitivity

by about two orders of magnitude. The table, however, presentsj T i figures only for the experimental set-up actually used in this

study. In computing the values, we have considered that an optical

I density of at least 0.05 is needed for reliable detection if no

interfering species are present. In the real world, however, the

inevitable interferents could substantially affect the applicability

of the figures in the table. These limits, therefore, are to be

interpreted as the minimum detectable concentrations under optimal

conditions. Because of the previously mentioned problems with

literature vapor-pressure values, no attempt is made to relate

thje concentrations to a temperature.
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TABLE 16

Minimum Detectable Concentrations of Explosive-Related Materials

(Using the Technique Employed in This Study)

Minimum Detectable

Compound Concentration (moles/i)

2, 4 DNT 3.4 % 10- 8

2, 6 DNT 5.7 x 10-

TNT 2.5 x 10-i8

Ethyl Centralite 7.8 x 10-

Diphenylamine 3.4 x 10-8

Monomethylamine 8.3 x 10-

RDX 4.8 x I0 8

Cyclohexanone 4.5 x 10-

Note: Above concentrations were calculated from the formula:

C = O.D./eL, where O.D. 0.05, L 100 cm, and c is obtained

from table 15. The extinction coefficients for TNT and RDX

were taken from our solution data.
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I
FLASH PHOTOLYSIS DATA

Introduction

The technique of flash photolysis allows the measurement

of excited-state absorption of molecular species, i.e., the

measurement of absorption transitions that originate from

excited (metastabIe) levels. The photolysing flash has the pur-

pose of populating such levels and, therefore, makes it possible

to observe additional spectral features related to the absorp-

tion that proceeds from these levels. These spectral features

may be observed at different times after the photolysing flash

by using as a probing source either an additional. smaller flash

tube (spectroscopic mode) or a continuous source (kinetic mode)t

this allows a study of the evolution of the excited molecular

species and its eventual relaxation to its fundamental state.

If the system under investigation consists of more than

one chemical species, the photolysing flash may provide enough

energy to start a chemical reaction; in this case the flash

photolysis technique provides a means by which the kinetics of

the reaction can be studied.

If the system consists of only one molecular species, the

photolysing flasL may bring this species to a repulsive elec-

- tronic excited state and produce a photodecomposition; in some

cases the fragments of the photolysed molecules may be stable

species.

The behavior of complex molecules, such as those of energetic

j materials, following a photolysing action, may be very useful
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for identification purposes. The most obvious application of

this flash photolysis technique is the production of irrever-

sible decomposition, where stable new species are formed. In
KA

such cases, the spectral data related to these stable species

may be used to further characterize the original system. For
TI

this reason our first efforts have been in this direction. We

have been able to observe a drastic and permanent change of

the spectral features of a solution of TNT in ethanol following

the irradiation of this solution with several light flashes.

It goes without saying that there is a tremendous amount

of valuable information in the "kinetic" evolution of a mole-

cular species; this information could also be used in principle

for identification purposes. Our investigations will continue '1
in this direction also.

I!

Flash Phot6lysis of Ethanol

In flash photolysis experiments involving solutions, it

is a good practice to look for possible effects that light may

have on the pure solvent, in order to take these effects into

account when examining the solution. For this reason we flashed

pure ethanol 50 times with flashes obtained by dumDing 560 joules

of electrical energy into the photolysing flash tubes.

The spectrum of the irradiated ethanol was then run on the

Cary 14 spectrophotometer versus non-irradiated ethanol. The

result of this measurement is reported in figure 45, which

presents evidence for structureless absorption starting at

-3300 • and going up in intensity at lower wavelengths.
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These findings are in accord with similar results obtained

in this laboratory by D. Wu on the flash photolysis of

methanol, isopropanol and isobutanol. Wu observed no increased

"absorption at 3500 R for these materials following the photo-

lysing flash, and an increased absorption at 2700 R. It must

be mentioned that this absorption was reduced when the starting

materials had been deaerated. Wu's studies were done in the

kinetic mode at two different wavelengths (2700 and 3500 R); no

comparison is possible between the speatral features of ethanol

and those of his samples on the basis of his data.

Spectral Characteristics of TNT

TNT is an extremely interesting explosive because, although

it has a lot of shattering power when detonated, it is normally

very stable. In fact, TNT can be stored at 150°C for 40 hours

with no sign of decomposition; molten TNT can be stored at 85°C

for two years without decomposition, and moisture does not affect

the stability of solid TNT.( 3 0 ) This extreme stability is the

T reason for the popularity of TNT as an explosive.

Little is known, however, about the stability of TNT in the

presence of ultravir-let (UV) radiation. It does absorb strongly

at -2250 • (see figure 30) due to a w-v transition.( 1 )

9D. Wu, Doctoral Dissertation, Boston College, 1977 (unpublished).

( 3 0)Technical report of the Department of the Army and the Air

Force, November, 1967; Department of the Army Technical
Manual TM9-1300-2114; Dept. of the Air Force Technical Order

T011A-l-34.

( DS. Downes and A.C. Forsyth, "Optical Absorption of TNT

Single Crystals," Picatinny Arsenal Technical Report No. 4565,

August, 1973.•,> 126
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Since n electrons are antibonding, the molecule will certainly

be less stable in the excited state than in the ground state.

Thus, it is possible that the molecule could decompose in the

presence of strong UV radiation. In fact, in a dilute gas, the

TNT will either decompose or luminesce to return to the ground

state.

Evidence which indicates that TNT might decompose comes

from the related compound, nitrobenzene. Upon irradiation with

UV light:( 3 2 )

bN:0 + 0
S+ hv

E I C6H5  + NO 2

with ultimate products being nitrosobenzene and para-nitrophenol.

TNT is known to undergo a few other reactions. For example,

it is known that in the presence of oxygen and UV radiation, TNT

decomposes and becomes increasingly sensitive to impact.(30)

Little is known, however, about either the identity of the decom-

position products or the reason for the increased sensitivity.

Also, when put in water and exposed to sunlight, TNT forms a

(22)
red solution. Again, little is known about the cause of the

red color. Finally, in a mild base, TNT is known to form a

red solution owingto formation of the anion [C6H2 (NO2 ) 3CH2 ]

3 2)J.G. Calvert and J.N. Pitts, J'r., Photochemistry (John Wiley

and Sons, Inc., New York, 1966), pg. 479.

( 3 3 )T. Abe; Bull. Chem. Soc. Japan 32, 339 (1959) and E.F. Calden

and G. Long, Proc. Roy. Soc. (London) 238A, 263 (1955).
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for the red color of the irradiated aqueous solution, because

the anion color disappears on addition of acid. It is doubtful

that the same phenomenon would occur with the irradiated water

solution. This conjecture, which is easy to check, will be

verified.

Summarizing the facts about TNT, it is quite stable under

common or even very warm or moist storage conditions. However,

there is some evidence that it may decompose on exposure to

strong UV radiation.

Flash Photolysis of TNT in Solution

The absorption spectrum of a solution of TNT in ethanol

was obtained by using the Cary 14 spectrophotometer and is

presented in figure 46. The TNT was recrystallized from

military grade; a solution was obtained by dissolvTng 1 mg of

recrystallized TNT in 100 ml of ethanol. 1 cm cells were used.

The spectrum obtained is similar to the one reported in Figure

11 b.

A similar solution was flashed 25 times by using 560-joule

flashes. The spectrum of the irradiated solution is presented

in figure 47. It presents a stronger tail at wavelengths

greater than 3000 R; this increased absorption is responsible

for the brownish color that the solution acquires. In addition,

the absorption at -2700 • presents an increase.*11'These trends are more dramatically visible in figure 48.

which reports the spectrum of a similar solution flashed 100

128

SI ,



-' -'1•. -Jm~~m "-

V 4

I

times by using 560-joule flashes. The tail is now more promi-

nent and a new band has appeared at -2700 R. A most important A

observation is that the presence of these new spectral features

is accompanied by a reduction in the absorbance of the normal

spectral band of TNT; this is a clear indication of a permanent

chemical charge undergone by some of the TNT molecules in solu-

tion. A comparison of these spectra with the spectrum of -

irradiated ethanol (figure 45) clearly indicates that the

solvent is not responsible for the observed effects.

*11

&d
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CONCLUSIONS AND RECOMMENDATIONS

The absorption spectra of a number of explosive and explosive-

related compounds have been obtained both in solution and in the

vapor phase. The following conclusions represent the most signi-

ficant findings of this investigation.

(1) Except for monomethylamine, no compound studied revealed

evidence of a sharp-line absorption. For the nitrotoluene compounds,

this is due to the shift of the unstructured First Primary Band

into the general region of the absorption due to the Secondary

Band. Because the extinction coefficient of the former is typically

about an order of magnitude larger than that of the latter, all

sharp-lire structure is masked. For the amines ethyl centralite

"and diphenylamine, the reason for this lack of structure is less

clear, but the amine group is known to produce a similar shift

when substituted on a benzene ring.

(2) For the nitrotoluene compounds, the less polar the

environment, the more the First Primary Band is shifted toward

shorter wavelengths. The band at higher energy does not appear to

be similarly affected. As a result, the vapor-phase absorption

spectra for these materials indicate a considerable overlap

between these tcwo bands. This is especially evident for 2,6 DNT.

This effect tends to wash out any distinguishing features of the

spectra and hence inhibits detection by this meLhod.

S( For the amines, there exist two different situations.

The absorption spectrum of monomethylamine shows a characteristic

structure due to the presence of two predominant vibrational modes.
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This property is conducive to detection ty means of U.V. absorption

techniques. For ethyl centralite and diphenylamine, however,

the situation is more closely related to that of the nitro com-

pounds. In going from the solution to the vapor, the main band

above -2400 shifts to shorter wavelengths and/or broadens. S,,ch

a behavior increases the overlap of this band with the more intense

cne at highe- energies. The effect is to smear out the observed

absorption and make detection by this method difficult.

(4) The nitroxy compounds studied (nitroglycerine and PETN)

reveal no significant intrinsic absorption above -2400-2500 • in

the vapor phase. The spectra below these wavelengths consist

essentially of an absorption tail extending into the vacuum U.V.

Consequently, detection of these compounds by their U.V. absorp-

tion spectra is not feasible. On the other hand, they d not

to interfere with the detection of other explosive-related com-

pounds.

(5) The detection of RDX itself is intrinsically difficult

because of its very low vapor pressure. Our data are inconclusive,

because the observed absorption cannot at present be definitely

attributed to RDX. Cyclohexanone, a common impurity in materials

containing RDX, possesses a characteristic absorption band peaking

at -2900 R. Therefore, it would appear that detection of cyclo-

hexanone could be used to indicate the presence of RDX. As was

seen in our study, however, purified RDX may contain no optical

traces of c3clohexanone.

As a result of the above considerations, it would appear then

that the detection of such materials by their U.V. absorption
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spect-,a is less than promising. There are, however, two related

approaches which could prove more successful in the detection of

the compounds of interest. As such they warrant future study.

These approaches include:

0() An investigation of the optical characteristics of the

species produced following photodissociation of the

explosive materials and their associated impupities.

When molecules are illuminated with light of the

proper wavelength, they may dissociate into species

which can be optically investigated. This is the basic

notion behind flash photolysis spectroscopy. The complex

molecule of an explosive or an associated impurity is

expected to dissociate into a set of species which are

optically detectable and whose summed spectra will char-

acterize the molecule. If the molecule is dissociated

and rapid recombination does not occur, then

one can look at both absorption and luminescence

characteristics of the disE 'ciated species. The data

generated in such a study might well point the way to

a new detection technique. The existence of dye lasers

make it possible to selectively dissociate the molecules

of interest. (We have already undertaken some preliminary

studies of the flash photolysis of TNT in solution. The

details .an be found earlier in this report.)

tj(2) An investigation of the luminescence characteristics of

the explosives and their associated 1m.urities. While
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there have been previous studies of explosives in the

crystalline state, the results are not necessarily

applicable to the explosives in the molecular state,

since in this case non-radiative decay mechanisms could

not involve energy transfer tc the crystal. Data could

-I be collected on the emission spectra and lifetimes, and

estimates made of the ratio of energy absorbed to energy

emitted ab luminescence. The data could allow feasibil-

ity estimates on luminescence detection to be made,

1 based on the frequency and power of the laser light source

required, the emission detector sensitivity, and the

likelihood of interference by atmospheric constituents.
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